Abstract-We investigate the physics-based design of colloidal quantum dot (CQD) solar cells using self-consistent computational modeling. The significance of band alignment engineering and optimized carrier mobility is quantitatively explored as a function of subbandgap defect density (N t ) in the bulk CQD. For N t ≤ 10 15 cm -3 , band alignment engineering near the interface of CQD and the metal contact could significantly improve open-circuit voltage by suppressing the forward-bias dark current. This effect could enhance cell efficiency up to ∼37% for thinner (<1 μm) CQD layers. For the thicker (>1 μm) CQD layer, the effect of band engineering is diminished, as the forward-bias dark current becomes diffusion limited and less dependent on the interfacial band offsets. An optimal carrier mobility in CQD lies in the range ∼10 -2 -10 0 cm 2 /Vs and shows variation as a function of CQD layer thickness and the interfacial band offset. For N t ≈ 10 14 cm -3 , an optimally designed cell could provide ∼20% efficiency under AM1.5G solar spectrum without employing advanced structural optimizations such as the nanostructured electrodes. These physical insights contribute to a better understanding of the quantum dot solar cell design that is needed for improving the efficiency for this emerging low-cost solar cell technology.
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I. INTRODUCTION

P
HOTOVOLTAIC technology is enabling one of the most rapidly growing forms of renewable energy generation [1] . The growth of the photovoltaic installations around the globe is strongly linked with the cost of the solar panels [2] . Market dominant crystalline silicon solar cell technologies [3] have a high cost of materials and expensive processes of fabrication, and due to this, many low-cost emerging materials [4] - [6] are being investigated for next-generation solar cells. Among these, colloidal quantum dot solar cell (QDSC) is one of the attractive options for next-generation solar cells [6] - [9] . Colloidal quantum dots (CQDs) are nanometer-sized semiconductors that are dispersed in a supporting material, often a solvent, and have a tunable size-dependent energy bandgap, which makes them an excellent absorber for wide band photoabsorption [10] . Although QDSC efficiency has shown a steady improvement from 3% to ∼11% over the past five years [11]- [14] , the best reported efficiency is still far below the maximum physical limit imposed by the laws of thermodynamics [15] . The demonstrated stability of QDSC is, however, significantly better, as compared with the perovskites solar cells, which are one of the major emerging PV contenders with recently demonstrated cell efficiency exceeding 20% [16] . The major contributor for the lower efficiency in QDSC has been identified as the high density (N t ) of subbandgap defect states in the CQD layer that results in poor collection efficiency and a high deficit in the open-circuit voltage [7] , [17] . The continuing optimizations in the cell synthesis processes, e.g., the use of novel passivation strategies [7] , [18] , [19] , are being sought to lower N t , while other techniques such as band alignment engineering [20] are being investigated to implement better contact selectivity. As the rapid process/structural innovations promise a path toward higher QDSC efficiency, there is a need to develop a thorough understanding of the physical mechanisms that influence the cell performance. In this regard, a detailed analytical model for the cell transport characteristics has been recently reported in [21] , while numerical simulations have been used previously to provide guidelines for the design of high-performance QDSC [22] , [23] . These studies have highlighted that the best QDSC efficiency is achieved for the cells that have a relatively low carrier mobility (μ) in the range of 10 −2 − 10 −3 cm 2 /V · s [21] , [23] , [24] . This behavior has been associated with the tradeoff between the collection efficiency and the mobility-dependent recombination, which is similar to what had been previously reported for organic solar cells [25] . An extensive modeling of this behavior for QDSC has, however, not been reported. The focus of this paper is to quantitatively model the role of μ for QDSC characteristics as a function of N t , lowering it from the currently reported values of ≈ 10 17 cm −3 down to what is typically achieved in bulk semiconductors (≤ 10 15 cm −3 ). In addition, we investigate energy band alignment engineering [20] , [26] for QDSC to enhance efficiency beyond the limit imposed by the tradeoff between mobility dependent recombination and the carrier collection. This effect is computationally explored for a broad range of design parameters, such as μ, N t , and CQD layer thickness (t CQD ).
This paper is divided into four sections. Section II describes the modeling approach. Results are discussed in Section III, and our conclusions are presented in Section IV. 
II. MODELING APPROACH
In contrast with the bulk semiconductors in which carriers flow in continuous bulk energy bands, the carrier transport in QDSC is based on the hopping mechanism between the neighboring dots [8] . For the device modeling, we use a commonly used macroscopic approach that encapsulates the microscopic details of carrier hopping into an average carrier mobility (μ) that is related to the average interdot hopping time (τ hop ) by [24] 
where d is the interdot distance, and kT is the average thermal energy of the carrier. In this so-called effective medium approach, the CQD layer is treated as a "bulk"-like homogenous material so that an average dielectric constant, bandgap, and, recombination lifetime could be established. The trap-assisted recombination lifetime in this approach is given by [23] 
where σ is the capture cross section, and d/τ hop is the average thermal velocity of carriers in the CQD layer. Since μ and τ trap have an opposite dependence on τ hop , the product (μ × τ trap ) is constant, and the carrier diffusion length
kT q )μτ eff ) becomes invariant to the changes in μ when the effective carrier recombination lifetime (τ eff ) given as (τ eff
) is dominated by τ trap . Incorporating the mobility-dependent trap-assisted recombination, we model the QDSC characteristics using self-consistent modeling of cell electrostatics and the carrier continuity equations [27] . Simulations are done in a 1-D simulation grid using ADEPT2.1 simulation toolkit [28] . The Appendix provides the mathematical details of the coupled electrostatic/continuity model. The QDSC structure is shown in Fig. 1(a) . The cross-sectional stack consists of indium tin oxide (ITO)/CQD-layer/buffer-layer/metal. An energy band diagram along the transport direction in a QDSC is shown in Fig. 1(b) . The CQD layer is composed of p-type quantum dots with doping of 10 16 cm -3 and a bandgap of 1.3 eV. The buffer layer provides the energy band offset at CQD/metal interface, as shown in Fig. 1(b) . Such a band offset in the CQD layer could be physically processed through a modification in CQD ligand treatment, as reported in [20] . The built-in voltage is established due to the difference in the workfunction of metal and ITO. The CQD layer thickness is kept variable to study the effect of absorber's thickness. The spectral profile of absorption coefficient for the CQD layer is taken from the experimentally measured values for PbS CQD reported in [23] . The carrier mobility and recombination lifetime for electrons and holes are kept identical for simplicity. Table I shows the list the values of material parameters used in the simulation. Fig. 2(a) shows the dependence of short-circuit current density (J sc ) on μ for a range of N t with t CQD = 200 nm. Under short-circuit condition, the whole CQD layer is depleted [as shown in the energy band diagram in Fig. 1(b) ], which implies that a strong carrier drift under high electric field would dominate the carrier transport. The carrier drift length (N t ) versus μ in the middle of the CQD layer is also plotted in Fig. 2(a) . A linear dependence of L drift on μ implies that the radiative recombination is dominant over the trap-assisted recombination, i.e., τ eff ≈ τ rad . The invariance of L drift to μ, on the other hand, implies τ eff ≈ τ trap . Fig. 2(b) elaborates the behavior of τ eff versus μ. The mobility dependent regime for τ eff (i.e., τ eff ≈ τ trap ) could be identified at μ greater than 10 −1 cm 2 /V-s for N t = 10 14 cm −3 . Increasing N t to 10 18 cm −3 results in the mobility dependence for τ eff throughout the given span of mobility. As shown in Fig. 2(a) , L drift (t CQD = 200 nm) much before the start of the mobility invariant regime for N t = 10 14 cm −3 . For this case, J sc saturates to its maximum limit imposed by the net photogenerated charge collection at μ = 10 −2 cm 2 /V · s. For N t = 10 18 cm −3 , L drift remains smaller than t CQD throughout the given range of μ. The maximum J sc for this case is, therefore, strongly degraded implying that a significant part of the photogenerated carriers is lost through trap-assisted recombination for the entire range of μ.
III. RESULTS AND DISCUSSION
The characteristics of QDSC in dark, i.e., the reverse saturation current density (J 0 ) and the ideality factor (n) are shown in Fig. 3 as a function of μ for N t = 10 14 cm −3 and N t = 10 18 cm −3 . The dependence of J 0 on μ and N t is almost linear as observed in Fig. 3(a) , which matches to that reported in the analytical model of [21] . Moreover, J 0 does not show any dependence on ΔE, which implies that the reverse-bias transport in the dark is dominated by the minority carrier diffusion in the CQD layer and is not affected by the interfacial barrier. The ideality factor, on the other hand, shows dependence on both N t and ΔE in Fig. 3(b) . It is well known that n is close to 1 when the carrier transport is dominated by the radiative recombination and is close to 2 for the case when the transport is dominated by the trap-assisted recombination [29] . The values for n in Fig.  3(b) are ∼1.2 and ∼2 for N t = 10 14 cm −3 and N t = 10 18 cm −3 , respectively, and correspond to the radiative and nonradiative regimes of dominance. The presence of an energy barrier shows an effect on n that is more prominent for the lower trap density (N t = 10 14 cm −3 ). It has been reported that the presence of an interfacial barrier could result in an accumulation of carriers near the barrier under forward bias, which could enhance the trap-assisted recombination and could, therefore, increase the ideality factor [30] . It is remarkable to note that for lower results in carrier accumulation near the barrier which enhances trap-assisted recombination and, hence, increases n. This effect is more prominent at lower N t . At very low μ and for lower N t , the forward-bias dark current becomes diffusion limited and is unaffected by the presence of barrier, which makes n identical for the two cases of ΔE. mobility (μ < 10 −2 cm 2 /V · s), n for the case of ΔE = 0.2 eV gradually decreases with lowering μ until it merges with the value of n for the case of ΔE = 0 eV. This phenomenon could be understood keeping in view the two contributing mechanisms of carrier transport under forward bias in the dark condition. Carriers injected from the ITO contact have to diffuse through the CQD layer until they reach the interface of CQD/buffer layer where they undergo thermionic emission if there is an energy barrier [29] . For a high carrier mobility, carrier diffusion in the CQD layer is fast, and the thermionic emission over the barrier is the limiting process for the dark current. In this case, rapidly diffusing carriers in CQD accumulate near the energy barrier resulting in higher trap-assisted recombination and a consequent increase in the ideality factor, as explained before [31] . As carrier mobility is decreased, slower carrier diffusion in the CQD layer becomes the limiting mechanism, and for this case, there is no carrier accumulation near the interface of the energy barrier. For this case, n remains identical to its value for ΔE = 0.
The dependence of V oc on μ is shown in Fig. 4 for N t = 10 14 cm −3 and N t = 10 18 cm −3 with and without the interfacial energy barrier. Simulation results are compared with the calculation that is based on the principle of superposition for the photocurrent and dark current under illumination [32] 
For all simulated cases, the maximum V oc is observed at the lowest μ. This is because of the reason that J 0 is suppressed when μ is decreased as observed in Fig. 3(a) , which increases V oc as given by (3) . For N t = 10 18 cm −3 , V oc monotonically decreases as a function of increasing log(μ), both with and without the presence of an interfacial energy barrier. For N t = 10 14 cm −3 and ΔE = 0, the maximum V oc shows a spread over a range of μ starting from the lowest mobility (10
This spread is related to the increase in J sc as μ is increased in this range [see Fig. 2(a) ]. When the interfacial energy barrier is present (ΔE = 0.2 eV) for N t = 10 14 cm −3 , V oc peak spreads over a wider range of μ, which extends from 10 −4 cm 2 /V · s up to μ ≈ 10 −1 cm 2 /V · s. This behavior is qualitatively consistent with the increase in both J sc and n as a function of increasing μ for N t = 10 14 cm −3 in the presence of the energy barrier [see Fig. 3(b) ]. Physically, it corresponds to the suppression of dark current due to the energy barrier under forward bias. It should be noted that the trend of the calculated V oc versus μ qualitatively matches with that of the simulated V oc , except for the case of N t = 10 14 cm −3 with ΔE = 0.2 eV. Quantitatively, the difference between simulated and calculated V oc is expected, since the superposition of the I-V curve in the dark and under illumination, which forms the basis of (3), could fail to apply for thin-film solar cells [33] , [34] . It is well known that the photocurrent in thin-film solar cells could show voltage dependence below the open-circuit voltage, and the injected current from the contacts may not be identical under dark and illumination conditions [35] . Fig. 4(b) indicates that the deviation of the behavior between the simulated and calculated V oc is most significant for the case of lower trap density in the presence of interfacial energy barrier. In addition, although not the subject of this paper, another important factor that could affect V oc in the experimental QDSC is the polydispersity of the CQD population [36] ; the presence of larger dots within a CQD ensemble could result in "effective traps," which could pin the Fermi level splitting and could hence lower V oc . Fig. 5 shows the contour plots of V oc , J sc , F F , and, η as a function of N t and μ for ΔE = 0 eV and 0.2 eV. Results for two different CQD thicknesses (t CQD = 200 nm, and t CQD = 1 μm) are shown for comparison. The behavior for V oc and J sc corresponds to the earlier explanations with regard to Figs. 2-4 . At lower μ, F F shows an improvement with increasing μ, which is similar to the behavior of J sc . This is because J sc and F F both depend on the carrier diffusion length in the CQD layer, which improves with increasing μ and lowering N t . At higher μ, the increase of J sc saturates, while F F shows a slight degradation similar to that observed for V oc . For N t < 10 16 cm −3 , a significant increase in J sc can be observed for the thicker t CQD as compared with the thinner, due to the increased photoabsorption in the former. Owing to an increased J sc , η shows a significant increase for the thicker CQD cell. For N t > 10 16 cm −3 , the benefit of enhanced photogeneration in thicker CQD cell diminishes due to significant trap- [23] . The simulation assumes μ = 0.02 cm 2 /V · s and N t = 2 × 10 16 cm −3 which are similar to those reported in the experiment. A good behavioral match between simulation and the experiment is observed. The simulated J sc is ∼30-50% higher as compared with that in the experiment in (b). The same trend is observed for η in (c) and could be partly attributed to optical losses due to surface reflectance and parasitic absorption in the window layers, etc., which are not accounted for in the simulations. assisted recombination loss. The optimal μ for the best cell efficiency is in the range 10 −2 − 10 −1 cm 2 /V · s for ΔE = 0 eV, and 10 −1 − 10 0 cm 2 /V · s for ΔE = 0.2 eV. At the optimal μ, the best values for J sc and V oc and F F coincide, as observed in the contour plots of Fig. 5 . Fig. 6(a) elaborates the dependence of η on t CQD at an optimal μ (10 −1 cm 2 /V · s) with and without an interfacial barrier. A significant improvement in η as a function of t CQD could be observed, which saturates to its peak at t CQD ≈ 2 μm. For t CQD < 1 μm, presence of an interfacial barrier (ΔE = 0.2 eV) results in a significant improvement for η as compared with the case when there is no interfacial barrier. At t CQD = 200 nm, the improvement in η due to the interfacial barrier is ∼37%. The effect of interfacial barrier on η gradually diminishes as t CQD is increased. Fig. 6(b) and (c) shows the comparison of the simulated results (blue circles) of our work with the experimental data (red triangles) reported in [23] . The values for μ and N t in the simulated curve are 0.02 cm 2 /V · s and 2 × 10 16 cm −3 , respectively, which are chosen to match with those reported in the experimental data [23] , [37] . The simulation versus experiment results for J sc , FF, and η show a good qualitative match within the experimental uncertainty in the values of μ and N t . The quantitative values of J sc and η in the simulation are ∼30-50%
higher as compared with those in the experiment. This could be related to the optical losses such as the surface reflectance and parasitic absorbance in the window layers, which are not accounted for in the simulation.
IV. CONCLUSION
In summary, we show that the physical design of colloidal QDSCs for enhanced efficiency requires a careful optimization of the carrier mobility. The optimal mobility could modulate with CQD layer thickness and the interfacial energy band alignment within the range of 10 
where V is the electrostatic potential, q is the charge on electron, N D (N A ) is the donor (acceptor) doping density, Si is the permittivity of silicon, and n and p are position-dependent electron's and hole's concentrations, respectively. The steady-state continuity equations for electrons (holes) under drift-diffusion formalism are given by
where ε is the electric field, G and R are carrier generation and recombination rates, and μ and D are the carrier mobility and diffusion constant, respectively.
